ities such as chronic low-back pain 7, 8 , disc herniation 9 , scoliosis 10 , and degenerative lumbar kyphosis 11 . Paradoxically, some operations designed to treat these various spinal disorders actually disrupt these muscles and, in turn, may lead to substantial functional deficits [12] [13] [14] [15] or various pain syndromes [16] [17] [18] . Minimally invasive spine surgery techniques strive to minimize surgical trauma to these muscles, thereby preserving their function 19 . The structure, function, and design of skeletal muscles have been investigated primarily in studies of the upper 20, 21 and lower extremities 22, 23 , not the spine. One universal finding in studies of extremity muscles is that skeletal muscle architecture, defined as the number and orientation of muscle fibers within a muscle, is the only accurate predictor of muscle function 24, 25 . Without architectural data, it is nearly impossible to predict a muscle's function, as evidenced by the fact that all high-resolution functional musculoskeletal models rely heavily on architecture to make functional predictions 3, 5, 26 . It is therefore unfortunate that studies of muscle fiber type 6 , anatomy, and morphology 2, 3 have not rigorously investigated the architectural properties of the multifidus muscle. Stokes and GardnerMorse 5 attempted to quantify the physiological cross-sectional area and fiber length of this muscle with stereoradiography. However, the muscle tissue must be studied directly to accurately measure these architectural features 24 . The architectural properties of other spinal muscles were studied by Delp et al. 4 . Those investigators demonstrated that lumbar spinal muscles generally had relatively short fibers (approximately 10 cm) with moderate physiological cross-sectional areas (approximately 10 cm 2 ), which suggests that these muscles probably function as stabilizers.
A second major lesson learned from extremity muscles is that the range over which muscle sarcomeres operate and their passive mechanical properties are stereotypical and functionally relevant. For example, it has been demonstrated that wrist flexors and extensors operate on opposite sides of the sarcomere length-tension curve and have similar elastic moduli, which causes a precise mechanical balance between flexion and extension moments throughout the range of wrist motion 27 . Whether any such design is present in spinal muscles is unknown as no sarcomere length-joint angle measurements have been reported for spinal muscles, to our knowledge.
The purpose of the present study was to combine quantitative anatomical studies with patient-based intraoperative sarcomere length measurements and single-cell passive mechanics. We hypothesized that the architecture of the multifidus muscle would be characterized by short fibers and a large physiological cross-sectional area. Knowing that the spine is a relatively mobile system in the sagittal plane and that the multifidus may have relatively short fibers, we also hypothesized that it would operate over a relatively wide range of sarcomere lengths but would have very stiff passive material properties.
Materials and Methods
Cadaveric Specimens M uscle architecture was determined according to the method of Sacks and Roy 28 as described by Lieber et al. 20 for muscles of the upper extremity. Eight cadaver lumbar spines were harvested en bloc from T12 to the sacrum, were stripped of superficial soft tissue, and were immersion-fixed in 10% formalin for seventy-two hours. Demographic data on the donors are shown in Table I . The specimens were positioned in the supine posture at the time of fixation to maintain a neutral lumbar spine position. After fixation, the superficial lumbar fascia was excised and the longissimus and iliocostalis lumborum muscles were reflected to reveal the multifidus muscle ( Fig. 1 ). After mapping of the locations for muscle fascicle harvesting, one side of the muscle was dissected free of its osseous attachments and was placed in phosphate-buffered saline solution for storage in order to remove residual fixative. The remaining side was stored in phosphate-buffered saline solution intact on the osseous vertebral column from T12 to the sacrum. The excised half then was removed from storage buffer, was gently blotted dry, and was weighed. After wholemuscle mass measurements, the muscle was divided into thirds (including the T12 and L1 origins, L2 and L3 origins, and L4 and L5 origins) to determine its regional mass distribution. Muscle length (L m ) was defined as the distance from the origin of the most cephalad fibers to the insertion of the most caudad fibers. For each origin level ranging from T12 to L5, the surface pennation angle was measured as the orientation of the fibers in each predefined region ( Fig. 1) relative to the line of action of the distal tendon of each muscle. On the intact half of each specimen, muscle fiber bundles were carefully dissected from the proximal tendon to the distal tendon of each muscle region (as defined by osseous origin) (Fig. 1) . Fiber bundle length was measured with use of a digital caliper (accuracy, ±0.01 mm). The fiber bundles were then placed in mild sulfuric acid solution (15% volume per volume) for thirty minutes to partially digest surrounding connective tissue and then were rinsed in phosphate-buffered saline solution. Our intention in using this approach was to sample fibers randomly across the entire muscle in order to reflect the architectural properties of the muscle accurately and to identify region-specific architectural differences. Under light microscopy (model MZ12.5; Leica Microsystems, Wetzlar, Germany), three small muscle fiber bundles (consisting of five to fifty individual fibers) were isolated from each muscle re- gion and were mounted on slides. Sarcomere length (L s ) for each of the dissected bundles was determined by means of laser diffraction with use of the zeroth to first order diffraction angles as previously described 29 .
To compensate for variations in raw fiber length that occur because of the position of the spine during fixation, muscle fiber lengths were normalized (L f ) by scaling to the optimal sarcomere length of human muscle (2.7 mm) In addition to the above measurements, the physiological cross-sectional area (PCSA) was calculated according to the equation 24 
PCSA ðcm
where u is the pennation angle, M is muscle mass, and r is muscle density (1.112 g/cm 3 ) 30 . The L f /L m ratio, which is an index of the excursion design, was also calculated. For example, muscles that contain fibers that span the entire length of the muscle (L f /L m ratio = 1.0) are designed more for excursion in comparison with muscles that have fibers spanning half of the length of the muscle (L f /L m ratio = 0.5). This ratio is a useful parameter to consider because it is independent of the absolute magnitude of muscle fiber length. The physiological cross-sectional area was determined because it is the only muscle structural parameter known to accurately predict the maximum force produced by a muscle 24 .
In Vivo Sarcomere Lengths Under a University of California at San Diego Human Research Protections Program-approved protocol, multifidus muscle specimens were obtained from sixteen patients undergoing spinal surgery (Table II) . After skin incision, the dorsolumbar fascia was incised and the multifidus muscle was identified by its position adjacent to the spinous process and the cranial/ medial-to-caudal/lateral projection of its fibers. A small segment of the multifidus on the posterolateral region of the muscle belly (between L4 and S1) (Table II) was isolated by means of blunt dissection along natural fascicular planes with Metzenbaum scissors. A specialized clamp was then slipped over the bundle, with care being taken to avoid undue manipulation or tension on the muscle. The clamp was deployed, and the section of muscle within the jaws of the clamp was resected and immediately was placed in Formalin to fix the biopsy specimen in its in vivo configuration. Laser diffraction was then used (as described above) to measure sarcomere lengths 27 . This method was used because the depth of the muscle within the surgical field precluded intraoperative laser diffraction measurements. Pilot experiments comparing in situ laser diffraction with this clamping method demonstrated that clamped sarcomere lengths were within 8% of their in vivo lengths (unpublished data). Depending on the surgical procedure to be performed, either a Jackson Spinal Table  ( Mizuhosi, Union City, California) was used to position the spine in prone (near-extension) (n = 8) or a Wilson Frame (Mizuhosi) was used to position the spine in flexion (n = 8). *The values are given as the mean and the standard error based on three fibers per biopsy specimen (n = 14 specimens). Posterior schematic of the lumbosacral region. In the repeated images (left to right), the shaded areas depict the regions sampled for each segmental level (from T12 to L5).
The intraoperative lumbar spine position was quantified and was interpreted by measuring the intraoperative L1-S1 angle and comparing it with that on the preoperative flexion, neutral, and extension lateral plain radiographs (Fig. 2 ).
Passive Single Cell Mechanics A second biopsy specimen was obtained from a subcohort of fourteen of the sixteen patients and was immediately placed in a muscle ''relaxing solution'' composed of ethylene glycol bis (2-aminoethyl ether)-N,N,N9,N9-tetraacetic acid (EGTA) (7.5 mmol/L), potassium propionate (170 mmol/L), magnesium acetate (2 mmol/L), imidazole (5 mmol/L), creatine phosphate (10 mmol/L), adenosine triphosphate (ATP) (4 mmol/L), leupeptin (a protease inhibitor) (17 mg/mL), and E-64 (a protease inhibitor) (4 mg/mL) 31 . This solution prevented depolarization across any site of disrupted membrane and proteolytic degradation, either of which can destroy the specimen. Muscle fibers were either immediately dissected from the fresh biopsy specimen or were placed into a storage solution composed of relaxing solution mixed with 50% glycerol and stored at 220°C. Fibers stored in this manner have been shown to have stable mechanical properties for as long as three months 31, 32 , but all fibers in the present study were tested within twentyone days. Stored fibers showed no signs of deterioration such as alterations in translucency or structural abnormalities.
The fiber-testing protocol was designed to measure the muscle fiber's elastic properties apart from any velocitydependent properties, as previously described 33 . Briefly, the dissected single-fiber segment was secured on either side to 125-mm titanium wires with use of 10-0 silk suture loops. One wire was secured to an ultrasensitive force transducer (Model 405 A [sensitivity, 10 V/g]; Aurora Scientific, Aurora, Ontario, Canada), and the other was secured to a micromanipulator. The fiber was transilluminated with a 7-mW helium-neon laser to permit sarcomere length measurement by means of laser diffraction 34 . The resolution of this method is approximately 5 nm 35 . The system was calibrated with a 2.50-mm plastic blazed diffraction grating before experimentation (Diffraction Gratings, Nashville, Tennessee). Following calibration and mounting, fibers were lengthened until a force registered on a load cell that defined baseline load and slack sarcomere length. To define fiber elastic modulus, mounted fibers were lengthened in 250-mm increments, after which stress-relaxation was permitted for two minutes and both sarcomere length and tension were again recorded. Segments were elongated until mechanical failure. The slope of the stress-strain curve between 2.0 and 4.25 mm was defined as the elastic modulus, and the sarcomere length that was recorded prior to the lengthening that resulted in failure was defined as peak sarcomere length. Fibers were discarded if they did not produce a clear diffraction pattern, if any irregularities appeared along their length, or if they were severed or slipped at either suture-attachment point during the test.
Data Analysis
Whole-muscle comparisons between the multifidus and the other lumbar spine muscles were made with independentsamples t tests with use of the means, standard deviations, and sample sizes reported by Delp et al. 4 . After screening of the data for normality and homogeneity of variances, regional comparisons within the muscle were made with use of one-way analyses of variance with repeated measures. Post hoc t tests with Sidak corrections were used to identify specific regional differences when main effects were identified. The Sidak correction was used because it corrects for multiple comparisons, yet it is not overly conservative as compared with the Bonferroni correction.
In vivo sarcomere lengths are reported for both prone (near-extended) and flexed lumbar spine positions on a graphical representation of the human sarcomere length-tension curve 27 . For passive mechanical testing, fiber diameter, slack sarcomere length, failure (peak) sarcomere length, and elastic modulus were determined. Modulus was defined by the slope of a least-squares fit of the stress-strain curve between sarcomere lengths of 2.0 and 4.25 mm, which represents the physiological upper limit of actin and myosin filament overlap in humans. To provide context for the modulus value, these data were compared (with use of an independent-samples t test) with previously published data for the vastus lateralis 36 and antebrachial muscles 37 . All values are reported as the mean and the standard error unless otherwise noted. P values were set to 0.05 except for post hoc tests, for which the experimentwise p value of 0.05 was adjusted according to the Sidak correction for multiple comparisons.
Source of Funding
DePuy provided material support for cadaveric specimens. The National Institutes of Health provided salary support.
Results

Cadaver Data
T he average mass of the multifidus muscle (146.1 ± 8.7 g) was similar to those that have been reported for other lumbar spine muscles 4 , including the rectus abdominis (185.0 ± 13.6 g), quadratus lumborum (41.2 ± 1.7 g), spinalis thoracis (20.4 ± 2.7 g), longissimus thoracis (146.8 ± 13.9 g), and iliocostalis lumborum (121.8 ± 13.4 g). In this context, the multifidus was only larger than the spinalis thoracis and quadratus lumborum muscles. When the multifidus was subdivided into thirds (including the T12 and L1 origins, L2 and L3 origins, and L4 and L5 origins), the middle third of the muscle encompassed the bulk (60.6% ± 2.6%) of the muscle's mass, which was significantly greater than either the proximal third (10.1% ± 0.7%; p < 0.05) or the distal third (29.3% ± 3.1%; p < 0.05).
Physiological Cross-Sectional Area
In contrast to the mass data, the physiological cross-sectional area was impressively large in the multifidus muscle (23.9 ± 3.0 cm 2 ). This value was more than twice as large as that for any other muscle in the lumbar region (p < 0.05) (Fig. 3) in spite of the fact that its mass was similar to that of the longissimus thoracis and smaller than that of the rectus abdominis.
Multifidus Sarcomere and Fiber Length
Sarcomere lengths, as measured in cadaver muscle fascicles with the specimen in a supine position, were very short (av- Scatterplot showing the relationship between physiological cross-sectional area and fiber length. As physiological crosssectionalareaisproportional to muscleforce and fiber lengthisproportional to muscleexcursion,thistypeof plot illustrates the functional design of a muscle. These data illustrate that the multifidus has the largest force-generating capacity in the lumbar spine and is designed for stability. (The data on muscles other than the multifidus were adapted from the article by Delp et al. 4 .) erage, 2.27 ± 0.06 mm) (Fig. 4, A) , suggesting that this muscle operates on the ascending limb of the sarcomere length-tension curve in this position. When the muscle was divided by segmental level of origin, all fascicles had nearly identical sarcomere lengths (coefficient of variation, 4.2%) (Fig. 4, A) . Muscle fiber lengths were very short throughout the length of the muscle in terms of absolute values (average, 5.66 ± 0.65 cm) and relative values (L f /L m = 0.21 ± 0.03), and both of these parameters varied significantly and systematically among segmental origin levels (p < 0.05) (Fig. 4, B) . Post hoc analysis demonstrated The dotted line in A indicates optimal sarcomere length in human skeletal muscle. Sarcomere length did not vary among segmental levels, but muscle fibers originating from T12, L4, and L5 were significantly shorter compared with those arising from L1, L2, and L3. yp < 0.05. that fibers originating from the L1, L2, and L3 spinal levels were significantly longer than fibers originating from the T12, L4, and L5 spinal levels (Fig. 4, B) .
In Vivo Data
For the in vivo clamped muscle biopsy specimens, sarcomere lengths were also short (average, 1.98 ± 0.15 mm) with the spine in the prone position, supporting our observations in cadavers. When the spine was flexed (average, 41.4°± 3.5°), thereby lengthening the muscle, significantly longer sarcomere lengths were observed (average, 2.70 ± 0.11 mm; p < 0.05). However, throughout the range of motion that could be achieved intraoperatively, the muscle operated exclusively on the ascending and plateau regions of the length-tension curve (Fig. 5) .
Passive Single-Fiber Mechanics
In contrast to the very unique intraoperative sarcomere lengths, multifidus fibers were similar to other limb muscles located throughout the body with respect to mechanical properties (Table II) 36, 37 . Specifically, slack sarcomere length in the multifidus (2.15 ± 0.05 mm) was similar (p > 0.05) to those in the vastus lateralis (2.39 ± 0.28 mm) 36 and a variety of antebrachial muscles, including the extensor digitorum, extensor pollicis, and brachioradialis (2.20 ± 0.04 mm) 37 . Similarly, the elastic modulus of the multifidus (36.87 ± 1.89 kPa) was similar to those of the vastus lateralis (31.9 ± 4.3 kPa) 36 and a variety of upper extremity muscles (28.25 ± 3.31 kPa) 37 .
Discussion
T he data from the present study confirmed our architectural hypothesis that the multifidus muscle has a large physiological cross-sectional area and short muscle fibers. In terms of physiology, our original hypotheses were not supported as the multifidus muscle operates on a relatively narrow portion (the ascending and plateau regions) of the length-tension curve and has passive mechanical properties that are similar to those of many other muscles. However, taken together, these data confirm the unique stabilizing function of the muscle. Sarcomere length operating range of the multifidus plotted on the human skeletal muscle sarcomere lengthtension curve (black line). Blue circles represent average sarcomere length obtained by means of biopsy with the patient in the prone (n = 8) or lumbar flexion (n = 5) position. These data demonstrate that the multifidus muscle operates on the ascending limb of the length-tension curve and becomes intrinsically stronger as the spine is flexed (arrow). Schematic sarcomeres are shown on the ascending and descending limb to scale, based on the quantification of actin and myosin filament lengths reported previously 27 . 182
The present study demonstrates that the multifidus muscle stands out among all other lumbar muscles, and indeed many extremity muscles, as a most extreme example of a muscle designed to stabilize the lumbar spine against flexion. This functional design was elucidated by means of intraoperative laser diffraction and quantitative architecture measurements and demonstrated (1) an extremely high physiological crosssectional area, greater than that of any other lumbar spine muscle, and (2) a sarcomere length range exclusively on the ascending portion of the length-tension curve. The large physiological cross-sectional area and relatively short fibers indicate that the multifidus muscle is architecturally designed to produce very large forces over a narrow range of lengths. This design allows the multifidus muscle to function more to stabilize the spine and less to provide motion of the spine. As a stabilizer, it acts to maintain optimal joint forces throughout the spine as the body assumes various positions requiring prolonged flexion (such as assembly line work) or extension (such as standing).
In terms of upper extremity muscles, studies of human muscle design 20, 29, 38 have relied on physiological cross-sectional area to determine which muscles are most appropriate for surgical tendon transfer 20, 39 . Until now, the unique capacity of the multifidus has been missed in previous studies precisely because its physiological cross-sectional area was not measured. Our architectural analysis reveals the obvious basis for its extreme physiological cross-sectional area: high mass combined with very short fibers. This design permits packing of a very large number of muscle fibers into the fairly constrained space of the lumbar spine. Previous studies of this muscle have only characterized its mass 2, 3, 5 , length 2,3,5 , or a slice of its cross-sectional area 12 , all of which have marginal functional relevance 40 . The findings of the present study support the concept that the uniqueness of the multifidus muscle does not lie in the uniqueness of its fibers but in the uniqueness of its fiber arrangement. From a biomechanical and structural standpoint, multifidus fibers are similar to other muscle fibers in terms of slack sarcomere lengths, elastic modulus, and whether fibers express the fast or slow myosin heavy chain isoform 6, 36 . Compared with upper extremity muscles 41 and more recent data on the quadriceps muscle 36 , the multifidus yields slack sarcomere lengths of about 2.2 mm and elastic moduli of about 35 kPa. This indicates that the fibers themselves have biomechanical properties comparable with those of other muscles in the body. One might have expected that the slack sarcomere length would be much shorter and the modulus much greater in comparison with those of other muscles because of its sarcomere length operating range, but this was not the case. Thus, previous studies that emphasized intrinsic features of the paraspinal muscles (such as fiber type or fiber size 6 ) and did not measure architecture likely overlooked the principal attribute that makes the multifidus muscle a powerful spine stabilizer.
The measurement of sarcomere lengths in the present study permitted the discovery of a second important design feature of the multifidus muscle, specifically, that it is designed to operate on the ascending portion and plateau region of the sarcomere length-tension curve (Fig. 5) . The sarcomere lengthtension relationship is one of the classic structure-function relationships in all of biology. The anatomical basis of this relationship is the changing interdigitation of actin and myosin filaments as sarcomere length is changed. Thus, at very short lengths (the ascending portion), as sarcomere length increases, muscle force increases, whereas at longer lengths (the descending portion), as sarcomere length increases, muscle force decreases. Muscles in the upper extremities operate on both the ascending and descending limbs of the length-tension relationship 27 . However, the present study demonstrates that, unlike that of many limb muscles, the sarcomere length operating range of the multifidus muscle remains on the ascending portion of the length-tension curve as the spine flexes. In the present study, we were able to achieve a mean intraoperative flexion angle of 41.4°± 3.5°, which compares favorably with maximum flexion values reported in the literature 42 . Operating on the ascending limb allows the multifidus muscle to become intrinsically stronger as the spine flexes until it would theoretically produce maximum force. This design is especially appealing as it creates a ''proportional feedback'' system in which the greater the deflection from neutral, the greater the restoring force. Clinically, operating on the ascending limb provides the necessary stabilizing force as the body leans forward, a position known to elevate intradiscal pressure and to cause increased low-back pain in patients with spinal disorders 43, 44 . Secondarily, the data also demonstrate that the muscle does not lengthen sufficiently to operate onto the descending portion of the length tension curve, which would impair force production. Given this design feature, one could hypothesize that if the muscle operated at longer lengths, stability would be compromised. Whether chronic changes in sarcomere length operating range could result from disc disease, deformity, chronic disuse, or surgical trauma is not yet known. Current studies are underway in our laboratory to investigate such effects.
An important consideration in spine surgery is the trauma caused to the multifidus muscle during standard posterior midline approaches. Some of these open surgical approaches remove the spinous processes to which the paraspinal muscles attach, disrupt the neurovascular supply, and compress the muscle with prolonged retraction, leading to adverse histologic and biochemical changes 45, 46 . Current minimally invasive surgical procedures that have been developed for spine surgery offer the unique opportunity to perform many of the same surgical procedures with less disruption to the major spine extensor musculature. These results provide a theoretical backdrop that argues for protection of the multifidus muscle during surgery, but more data are needed to determine whether muscle protection is causally related to the short-term benefits associated with minimally invasive surgical techniques.
The findings of the present study have implications for orthopaedic clinical practice. The importance of the multifidus muscle to spine function (in terms of force production) must be considered. While we have not explicitly measured force production, the high-resolution physiological cross-sectional area measurements, such as performed here, are directly related to force-producing capacity, as demonstrated by Edgerton and colleagues 24 . Those investigators demonstrated that mammalian muscle generates approximately 250 kPa of stress under conditions of optimal sarcomere length and maximum activation. Using this value, we predict that the multifidus muscle as a whole could direct approximately 60 N of extension force to the spine (250 N/m 2 · 0.24 m 2 ), which is more than twice the amount that could be generated by any other lumbar extensor muscle.
Future studies are needed to determine the extent to which some of these design issues of the multifidus muscle apply to other lumbar extensors. In addition, the extent to which pathological changes can alter these properties is not clear. Finally, the underlying developmental processes that lead to such a unique muscle design as that of the multifidus are unknown but are currently under study [47] [48] [49] . n
